The latex of the common fig (Ficus carica) contains a mixture of at least five cysteine proteases commonly known as ficins (EC 3.4.22.3). Four of these proteases were purified to homogeneity and crystals were obtained in a variety of conditions. The four ficin (iso)forms appear in ten different crystal forms. All diffracted to better than 2.10 Å resolution and for each form at least one crystal form diffracted to 1.60 Å resolution or higher. Ficin (iso)forms B and C share a common crystal form, suggesting close sequence and structural similarity. The latter diffracted to a resolution of 1.20 Å and belonged to space group P3 1 21 or P3 2 21, with unit-cell parameters a = b = 88.9, c = 55.9 Å . research communications 460 Haesaerts et al. Cysteine proteases Acta Cryst. (2015). F71, 459-465 research communications Acta Cryst. (2015). F71, 459-465 Haesaerts et al. Cysteine proteases 465
Introduction
Proteases are vital biomolecules that control the turnover, localization and activity of a variety of proteins, regulate protein-protein interactions, contribute to the processing of cellular information, customize new bioactive (macro)molecules and also produce, transduce and amplify molecular signals. Proteases thus influence DNA transcription and replication, cell differentiation, tissue morphogenesis and remodelling, fertilization, wound healing, inflammation, immunity, autophagy and apoptosis. Alterations in proteolytic machinery thus trigger many pathological situations such as inflammatory processes, cancer, neurodegenerative disorders and cardiovascular diseases. Many proteases are therefore potential drug targets (Turk, 2006) and constitute a major focus of attention for the pharmaceutical industry. In plants, proteases are involved in xylem formation, seed maturation, nutrient supply mobilization, degradation of misfolded proteins, responses to environmental stimuli and programmed cell death (Huffaker, 1990; van der Hoorn, 2008) . They have been isolated from fruits, stems, seeds and latex (Boller, 1986) . The activities of latex in plant defence and in alleviating various diseases have been attributed to the presence of several hydrolytic enzymes, among which proteases play a crucial role. Most of the proteases found in the latex of different plants belong to the cysteine and serine protease families (Singh et al., 2008; El Moussaoui et al., 2001; Azarkan et al., 2004 Azarkan et al., , 2011 Torres et al., 2013; Ramos et al., 2013; Yariswamy et al., 2013) . Why latex contains high amounts of such nonspecific proteases still remains puzzling. There is increasing evidence, however, that they participate in defence mechanisms by protecting ripening fruits against plant ISSN 2053-230X # 2015 International Union of Crystallography pathogens (Baker & Drenth, 1987) , which they can attack directly (Konno et al., 2004) . In vitro experiments clearly demonstrated that cysteine proteases act by degrading the protective cuticule of nematodes (Stepek et al., 2004 (Stepek et al., , 2005 or the peritrophic matrix of lepidopteran larvae (Pechan et al., 2002; Mohan et al., 2008) . It has also been demonstrated that artificial diets supplied with cysteine proteases, such as papain from papaya latex and ficins from common fig latex, are toxic to silkworm larvae at the concentrations occurring in latex (Konno et al., 2004) . Cysteine proteases are also required for latex coagulation upon biotic or abiotic injuries (Azarkan et al., 2004) . This wound-healing property is probably the most efficient plant protection mechanism against the entry and further spread of pathogens (El Moussaoui et al., 2001) . All of these findings are in favour of a common defensive role of latex proteases, suggesting that these enzymes possess other functions than the simple digestive role that they are often assumed to play. The rapid action required for a defensive role may thus explain the lack of specificity and high abundance of cysteine proteases in latex.
The latex of Ficus carica contains a mixture of cysteine proteases that belong to the papain family (family C1, clan CA) and are known under the general term ficins (EC 3.4.22.3) . We recently purified to homogeneity and characterized five ficin isoforms, named ficins A, B, C, D1 and D2. All ficin (iso)forms are not glycosylated and have similar molecular masses (Azarkan et al., 2011) . Ficins constitute attractive tools in many research areas. Two partially purified ficin forms have been reported to activate human coagulation factor X, probably underlying the haemostatic potency of fig latex proteases (Richter et al., 2002) . When compared with other cysteine proteases such as papain, bromelain and the aspartic protease pepsin, ficin as a mixture of all forms was shown to specifically cleave mouse IgG1, giving better yields and immunoreactivity of fragments suitable for clinical use (Milenic et al., 1989; Mariant et al., 1991) . We previously demonstrated that the purified ficin (iso)forms display different specific amidase activities against small synthetic substrates (Azarkan et al., 2011) , as well as against natural proteineaceous substrates (our unpublished results), suggesting differences in their active-site organization. Interestingly, when tested separately, purified ficin (iso)forms also show different in vitro selective antitumour activities, with no significant cytotoxicity against normal cell lines (results to be published). To obtain further insight into the molecular basis of their differing biological and enzymological properties, a detailed structural characterization of the purified ficins, for which no sequence data are available so far, is required. In the present work, we report the crystallization and preliminary X-ray analysis of ficins A, B, C and D2.
Materials and methods

Purification of ficins
The ficin (iso)forms were purified as described previously (Azarkan et al., 2011) . Briefly, the latex was suspended in 100 mM sodium acetate buffer containing 1 mM EDTA at pH 5.0 and stirred for 1 h at room temperature before being subjected to centrifugation (40 000g, 4 C, 30 min). The supernatant constituting the mixture of ficins was applied onto an SP-Sepharose Fast Flow (13 Â 2.5 cm internal diameter; GE Healthcare) home-made column pre-equilibrated with 100 mM sodium acetate buffer pH 5.0. The unbound material was washed away with ten column volumes of the preequilibrating buffer and elution of the bound proteins was performed with a linear concentration gradient from 100 to 800 mM sodium acetate buffer pH 5.0 (total volume 1000 ml, 60 ml h À1 ). The chromatographic fractions were assayed for amidase activity using dl-BAPNA as a substrate. Each test tube (total volume 2.0 ml) contained 5.0% DMSO, 1.0 mM dl-BAPNA, 1.0 mM EDTA and 100 ml sample in a buffer containing sodium citrate, borate and phosphate (100 mM each) at pH 6.8 (Azarkan, Wintjens et al., 1996) . The sample was pre-incubated for 15.0 min in the buffer at 37.0 C in the presence or absence of DTT before the reaction was started by addition of the substrate. The reaction proceeded at 37.0 C and was stopped by the addition of 500 ml 50.0% acetic acid. The release of p-nitroaniline was measured spectrophotometrically using " 410 = 8800 M À1 cm À1 (Erlanger et al., 1961) . One unit of activity (nkat) is the amount of protease that is able to hydrolyze one nanomole of substrate per second under the abovementioned conditions. The chromatographic fractions constituting ficin forms A, B, C and D (indicated by solid bars in Fig. 1a ) were subjected to chemical derivatization (Spegylation) with a thiol-specific polyethylene glycol derivative, methoxy polyethylene glycol ortho-pyridine disulfide (mPEG-OPSS 5kDa; Shearwater Polymers Inc., USA) to prevent the irreversible oxidation of thiol groups and to further improve their purification. Cysteine proteases can undergo oxidation (for example by air), leading to irreversible conversion of the catalytic thiol groups to -SO x H, with x = 1, 2 or 3. The oxidized forms may constitute up to 50% of the enzymatic material (Azarkan, Maes et al., 1996; Azarkan, Wintjens et al., 1996) . Furthermore, the chromatographic behaviour of these oxidized forms and the reactive forms is exactly the same on ion-exchange supports. On the contrary, thiol-pegylated proteases behaved differently on the ion-exchanger, allowing their efficient separation from the irreversibly oxidized protein material. To perform thiol-pegylation, each pool was activated in the presence of 5 mM DTT for 20 min at room temperature under stirring and loaded onto an SP-Sepharose Fast Flow column (12.5 Â 1.5 cm internal diameter) preequilibrated with ten column volumes of 100 mM sodium acetate buffer pH 5.0. The column was exhaustively washed with the same buffer to remove excess DTT. The bound proteins were eluted with 1 M sodium acetate buffer pH 5.0 and directly collected in solid mPEG-OPSS. The reaction of mPEG-OPSS with activated ficins is presented in Fig. 2 . The reaction was complete when the liberated chromophore, 2thiopyridone, reached a stable value at 343 nm. The reaction mixture, containing S-pegylated and underivatized (irreversibly oxidized) ficin forms, was exhaustively dialyzed against water (membrane cutoff 3.5 kDa) at 4 C before being subjected to fractionation on a SP-Sepharose Fast Flow column following the same experimental conditions as for the first chromatographic step. This allowed separation of the thiol-pegylated (active; peak I in Fig. 1b ) ficins from underivatized (irreversibly oxidized; peak II in Fig. 1b) forms. It is interesting to note that the flow-through fraction corresponds to mPEG-OPSS in excess which could not be eliminated after the dialysis step.
To carry out the crystallization screening, for all ficins, the -SH group of the essential catalytic cysteine was converted from the pegylated form to its -SS-CH 3 adduct. The reaction was carried out in 100 mM sodium acetate buffer containing 2.5 mM DTT at pH 5.0 for 20 min at room temperature. Methylmethanethiolsulfonate (MMTS; 20 mM) was then added to the reaction mixture and the reaction was left for 1 h under stirring. The resulting mixture was applied onto an SP-Sepharose Fast Flow (12.5 Â 1.5 cm internal diameter) column pre-equilibrated with 100 mM sodium acetate buffer pH 5.0. The column was washed with the same buffer to eliminate the released mPEG moiety as well as MMTS and DTT until the absorbance at 280 nm reached the baseline. Bound proteins were eluted with a linear gradient from 100 to 800 mM sodium acetate buffer pH 5.0 (total volume 1000 ml; 44.5 ml h À1 ). The purity, which was >95% as estimated by silver staining, and homogeneity of the different ficin forms were assessed by SDS-PAGE (inset in Fig. 1b , in which ficin B is taken as an example) and mass-spectrometric analyses. Moreover, the homogeneity of the ficins was checked by titrating the thiol function of their catalytic cysteine residues using 2,2 0 -dipyridyldisulfide (2PDs) as a titrant. Upon reaction with a thiolcontaining polypeptide, this compound is able to form a mixed disulfide bond and to simultaneously release 2-thiopyridone. Spectrophotometric quantification of 2-thiopyridone at 343 nm provided an easy way to determine the number of free thiol groups per mole of protein (Brocklehurst & Little, 1973) . The fractions corresponding to the different ficins were pooled and concentrated to the desired volume by ultrafiltration (Amicon system; membrane cutoff 3.0 kDa) and on a 5000 MWCO Vivaspin 15R concentrator. For all samples, the buffer was exchanged with water after exhaustive washing on the Vivaspin device. The protein samples were kept at À20 C until use.
Crystallization
Crystallization conditions for the different ficin forms were manually screened by the hanging-drop method using Crystal Screen and Crystal Screen 2 from Hampton Research. In all cases, drops were prepared by mixing 0.5 ml protein solution Ficin purification protocol after chemical derivatization with mPEG-OPSS.
(5-10 mg ml À1 in water, with 5 mg ml À1 used in the initial screening) and 0.5 ml well solution and were equilibrated against 250 ml well solution. Crystals of ficin A were optimized by varying the protein concentration as well as the pH and by making use of Additive Screen from Hampton Research (in each case 0.1 ml additive solution was mixed with 0.4 ml protein solution and 0.5 ml well solution). For some hits for ficins B and C, optimization was carried out by varying the pH, protein concentration and precipitant concentration.
Data collection and processing
All crystals were mounted in CryoLoops (Hampton Research) and flash-cooled in liquid nitrogen. When required, glycerol was added as a cryoprotectant. Crystals were transferred to the final glycerol concentration in steps of 5%(v/v) glycerol while keeping the buffer, salt and precipitant concentrations constant. The glycerol concentration was chosen as the minimum concentration required to avoid ice rings. All data were collected on the PROXIMA1 beamline at the SOLEIL synchrotron, Saint-Aubin, France using an ADSC Q315r CCD detector. For ficin B crystal forms I and II and ficin C crystal form I, a high-resolution pass and a lowresolution pass were combined to deal with overloaded reflections at low resolution. Typically, 0.5 frames were collected, although at low resolution 1.0 passes were also used. All data for ficins A, B and D2 were indexed, scaled and Table 1 . This cluster was broken with a needle and a more or less single-looking chunk was used to collect the data. (l) Crystal form II of ficin D2 obtained using the conditions described in Table 1 . Despite their appearance, these crystals provided high-quality diffraction. merged using HKL-2000 (Otwinowski & Minor, 1997) . Data from ficin C were indexed and integrated using iMosflm and scaled and merged using SCALA (Powell et al., 2013; Collaborative Computational Project, Number 4, 1994) . Structurefactor amplitudes were calculated from intensities using TRUNCATE. Twinning tests were equally performed by phenix.xtriage (Zwart et al., 2005) . No twinning was detected in any of the data sets. Analysis of the unit-cell contents was performed with MATTHEWS_COEF, which is part of the CCP4 package (Winn et al., 2011) . Fig. 1(a) , fractionation of the whole soluble fraction of F. carica latex on an SP-Sepharose Fast Flow column shows five major peaks designated as the unretained fraction, ficin A, ficin B, ficin C and ficin D. According to amidase activity measurements, only the active peaks assigned to ficins were selected for further purification. Fig. 1(b) displays a symmetrical peak (indicated by the solid bar under peak I) obtained from the S-pegylthioficin B conjugate, taken as an example, underlining the homogeneity of the protein samples. Their homogeneity was further checked by titrating the thiol function of their catalytic cysteine residues using 2,2 0 -dipyridyldisulfide (2PDS) as a titrant. Values for the number of free thiol groups per mole of enzyme ranging from 0.95 AE 0.04 to 1.03 AE 0.06 were determined. These data clearly demonstrated the usefulness of the thiol-pegylation technique to prepare highly active and pure cysteine proteases (Azarkan et al., 2011) . In addition, the purity of the S-methylthio-ficin derivatives regenerated from their thio-pegylated forms was checked by silver-stained SDS-PAGE and exemplified by ficin B (inset in Fig. 1b) . The molecular masses, which were accurately determined by ESI-Q-TOF mass spectroscopy, were 23 850 AE 30, 24 130 AE 7, 24 395 AE 6 and 24 280 AE 13 Da for ficins A, B, C and D2, respectively. MALDI-TOF mass-spectrometric analysis of the purified proteins displays different peptide mass fingerprinting except for the D1 and D2 ficin forms. These two forms probably correspond to two isoforms (Azarkan et al., 2011) . Only the major form (D2) was thus selected for crystallization experiments. Screening experiments for ficin A showed a condition in which intergrown plate-shaped crystals were obtained. This condition was further optimized by varying the precipitant concentration and screening additives. No condition could be found that systematically yielded single crystals. Occasionally a single crystal was nevertheless observed, and one such crystal was used for data collection (Figs. 3a and 3b ). For ficin B, a large number of hits were obtained in a variety of conditions, resulting in the discovery of five distinct crystal forms (Figs. 3c-3g ), all of which diffracted to at least 2.05 Å resolution. Two of the crystal forms provided data to nearatomic resolution (1.35 Å ; Table 2 ). For ficin C, five hits were observed that were either harvested directly from the screen or optimized. This resulted in three crystal forms suitable for data collection (Figs. 3h, 3i and 3j) . Form I has an identical space group and unit cell to form I of ficin B and diffracted to between 1.60 and 1.20 Å resolution depending on the condition from which the crystals were harvested. Data-collection statistics for each crystal form are given in Table 1 . Finally, initial screening of ficin D2 using a concentration of 5 mg ml À1 did not yield any hits. Doubling the concentration resulted in two hits that could be used directly for data collection (Figs. 3k  and 3l ). The first condition corresponded to a large crystalline chunk consisting of several individual crystals. A piece of single crystal was obtained by breaking the larger aggregate with a needle. The resulting species diffracted to 1.45 Å resolution. In a second condition, small plate-shaped crystals were observed that diffracted to 1.90 Å resolution (Table 1) . Despite their appearance, which suggested a conglomerate of many individual crystals, the diffraction patterns were relatively clean. Matthews coefficient analyses for each ficin crystal are compiled in Tables 1 and 2 . It is interesting to note that purified ficin forms remain poorly characterized both from the enzymological and the structural points of view. Although the amino-acid sequences of the different ficins are currently unknown, sequencing of some peptides has shown that they all belong to the family of cysteine proteases (Azarkan et al., 2011; Liener & Friedenson, 1972) , which includes papain as the best characterized member. The high resolution observed for each variant should allow us to determine the structures of the different ficins by molecular replacement and to obtain preliminary electron-density-based sequences that can then be used to design primers to pick up the genes or mRNA from the plant. Although in general different ficin (iso)forms crystallize under different conditions and in distinct crystal forms, one crystal form is common to ficins B and C. For both (iso)forms, it is also the crystal form that was most commonly observed, suggesting that these two (iso)forms may be very closely related, possibly only by one or a few amino-acid substitutions or post-translational modifications, either naturally occurring or resulting from the purification procedure. Ficins A and D2, which also presented fewer crystal forms, may thus be somewhat more distant. However, variation in crystallization behaviour between closely related proteins is also common (Buts et al., 2005) .
Results and discussion
